In Asia, Ganoderma lucidum (Reishi or Lingzhi) fruit bodies have served as a source of health-promoting and medicinal compounds since ancient times. Several biological activities of this mushroom have been linked to triterpene components, 1) some of which display cytotoxic, 2) histamine release-inhibiting, 3) angiotensin converting enzyme-inhibiting, 4) and cholesterol synthesis-inhibiting effects. 5, 6) However, despite their pharmacological potential, little is known about the molecular biology of triterpene biosynthesis in G. lucidum. Triterpenes are secondary metabolites, and in fungi they originate from mevalonic acid (MVA), which is converted via farnesyl diphosphate (FPP), squalene, and 2,3-oxidosqualene to lanosterol (an important shared intermediate) through the isoprenoid pathway. 7, 8) MVA is formed via the NADP-dependent reduction of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA). This reaction is catalyzed by HMG-CoA reductase (HMGR), 9) which in higher eukaryotes is generally recognized to be a key regulatory enzyme in the sterol biosynthetic pathway. 10) In eukaryotes, HMGR is an integral membrane glycoprotein located in the endoplasmic reticulum. [11] [12] [13] [14] Three distinct regions can be identified within the protein: a membrane anchor N-terminal domain that contains a number (1) (2) (3) (4) (5) (6) (7) (8) of hydrophobic regions; a C-terminal catalytic domain; and a linker region between these two domains. Comparison of the amino acid sequences of HMGRs from different organisms has revealed that the level of N-terminal similarity is relatively low, whereas C-terminal sequences are highly conserved among the different enzymes. In fungi (viz., Saccharomyces cerevisiae and the smut fungus Ustilago maydis) and in animals, the membrane domain is large and complex, containing seven or eight transmembrane segments. [14] [15] [16] [17] In contrast, the membrane domains of plant HMGR proteins have only one or two transmembrane segments. [18] [19] [20] The N-terminal membranebound domain, although not necessary for catalytic activity, is required for sterol-regulated degradation of the protein 17) and for membrane proliferation. 21) Hence, HMGR activity does not require association with the N-terminal hydrophobic domain.
Genes encoding HMGR have been cloned and characterized from several sources, including U. maydis, 15) S. cerevisiae, 12) Drosophila melanogaster, 22) and Arabidopsis thaliana. 19) In view of a possible quantitative correlation between HMGR expression levels and triterpene production, it is of interest to study the HMGR-catalyzed committed step at the molecular level.
As a first step to better understanding of the role of HMGR in triterpene biosynthesis in G. lucidum, we report for the first time the cloning and characterization of a new functional HMGR gene from this commercially important mushroom. The expression profile of Gl-HMGR during various developmental stages, and functional complementation of the gene in yeast, are also described.
Materials and Methods
Strains, plasmid, and yeast growth conditions. G. lucidum, strain HG, was obtained from the Shanghai Academy of Agricultural Sciences and maintained on potato dextrose agar (PDA). S. cerevisiae, strain JRY1130, lacking HMG-CoA reductase activity, was kindly provided by Professor Jasper Rine, University of California-Berkeley, USA. E. coli strain XL1-blue (Stratagene, La Jolla, CA) was grown in Luria-Bertani (LB) medium, supplemented with ampicillin. The yeast-E. coli shuttle vector pYF1845 was kindly provided by Q. H. Yao (Agricultural Academy of Shanghai). DNA restriction enzymes were purchased from Takara (Dalian, China), and oligonucleotides were synthesized by Shanghai Sangon (Shanghai, China).
Yeast cells were grown at 28 C either in liquid culture or on agar plates (media supplemented with 15 g/l agar). When auxotrophic supplemention was required, 5 mg/l MVA was added to the growth media.
Isolation of genomic DNA. G. lucidum mycelia were harvested after 7 d of growth in potato dextrose broth (PDB), frozen in liquid nitrogen, and ground using a pestle and mortar, and the genomic DNA was isolated by the CTAB method.
23)
Cloning of specific G. lucidum HMGR gene fragment. Two degenerate oligonucleotide primers were synthesized based on highly conserved amino acid regions of known HMGRs. The nucleotide sequences of these primers were as follows: GCHATGGGTATGAAYAT-GATTTC (H1-1, sense primer) encoding the consensus sequence AMGMNMIS, and GTDCCDACYTCRA-TDGAWGGCAT (H2-1, antisense primer) encoding the consensus sequence MPSIEVGT. H1-1 and H2-1 were used to amplify a partial sequence (511 bp) of the genomic DNA.
PCR amplification was carried out in 0.2-ml tubes using a Programmable Thermal Cycler PTC100 (MJ Research, Watertown, MA). Amplification conditions were as follows: 30 cycles at 94 C for 30 s, 48 C for 40 s, and 72 C for 1 min, followed by a final extension at 72 C for 5 min. The amplification products were ligated into pMD18-T vector (Takara), and then transformed and sequenced according to standard procedures described by Sambrook et al. (1989) . 24) Cloning of full-length Gl-HMGR DNA using Selfformed Adaptor PCR (SEFA-PCR). An attempt was made to obtain the full-length genomic DNA sequence by Self-Formed Adaptor PCR (SEFA-PCR). 25 ) PCR amplification of the 5 0 -end of the genomic DNA was first performed using three gene-specific internal primers, 5Sp1-1, 5Sp2-1, and 5Sp3-1 (Table 1) , but the resulting fragment was several 5 0 nucleotides shorter than the expected full-length gene sequence, and a second PCR amplification of the 5 0 end was performed to obtain the full-length 5 0 sequence using three specific primers (5Sp1-2, 5Sp2-2, and 5Sp3-2) ( Table 1) designed on the basis of the abbreviated sequence obtained initially.
PCR amplification of the 3 0 end of Gl-HMGR was performed using three gene-specific primers, 3Sp1, 3Sp2, and 3Sp3 (Table 1) . SEFA-PCR was conducted in accordance with the manufacturer's protocol, 25) and the amplified PCR product was purified, cloned into pMD18-T vector (Takara), and sequenced.
Cloning of the full-length cDNA sequence of G. lucidum HMGR. Two sets of specific primers (HC-1 and H11-2, and H11-1 and HC-2) ( Table 1) , designed on the basis of the Gl-HMGR sequence obtained above, were synthesized for amplification of the primordia cDNA. The amplified PCR product was purified and cloned into pMD18-T vector (Takara, Dalian) and sequenced.
Specific primers Hmgr-hb1 and Hmgr-hb2 (Table 1) , designed on the basis of the structural prediction of the gene, were used to amplify the coding region of Gl-HMGR, excluding the N-terminal hydrophobic region (from 1,900 nt to 3,681 nt).
Bioinformatic analysis. Bioinformatic analysis of Gl-HMGR was performed online at the http://www. ncbi.nlm.nih.gov and http://cn.expasy.org websites. Clustal W was used for multiple alignment analysis of the amino acid sequences of full-length fungal HMGRs. The phylogenetic tree of HMGRs was constructed with Clustal W/Phylip, and was displayed with the TreeView program.
Construction of HMGR recombinant expression vector. pYF1845 is a high-copy, autonomously replicating S. cerevisiae-E. coli shuttle vector that confers ampicillin resistance to E. coli. It also contains a S. cerevisiae PGK promoter and a TADC1 transcription termination element. The HMGR-containing pMD18-T vector was digested with BamHI and NotI, and the HMGR cDNA, excluding the N-terminal hydrophobic domain, was cloned into the BamHI/NotI restriction site of the pYF1845 plasmid downstream of the yeast PGK promoter.
Functional complementation of Gl-HMGR in yeast. S. cerevisiae strain JRY1130 (MATa ade 2-101 his 3-200 hmg1::Lys2 hmg2::His3 lys2-80/met TYR 1 ura 3-52), was kindly provided by Professor Jasper Rine, University of California-Berkeley, and was firstly selected on 5-FOA plate, then used to investigate the function of the Gl-HMGR. The selected JRY1130 is a mutant yeast strain lacking HMGR activity, and is auxotrophic for mevalonic acid (MVA). After digesting the Gl-HMGR-containing pMD18-T vector with BamHI and NotI, the coding region of the gene excluding the Nterminal hydrophobic region was cloned into pYF1845 expression vector, and the recombinant vector was used to transform E. coli DH5 strain. Monocolonies containing pYF1845+Gl-HMGR were screened out on solidified LB medium containing 100 mg/l ampicillin. pYF1845+Gl-HMGR plasmids were subsequently extracted from the host E. coli DH5 cells and used to transform JRY1130. JRY1130 with empty pYF1845 was used as the control. Gl-HMGR transformants were selected on YPD medium (without MVA), containing 1% (w/v) yeast extract, 2% (w/v) peptone, and 2% (w/v) glucose. YPD medium containing 5 mg/l MVA was used in yeast-growth analysis.
Expression of HMGR at different stages of G. lucidum development. Fungal mycelia grown in PDB were harvested after 10, 12, 14, 16, 18, and 20 d, frozen in liquid nitrogen, and ground to a fine powder with a mortar and pestle.
Relative Gl-HMGR gene transcription levels were determined by semi-quantitative RT-PCR. 26, 27) Total RNA was extracted from the mycelial samples and from primordia using Biozol Total RNA Extraction Reagent (BioFlux, Hangzhou, China) according to the manufacturer's instructions, and digested with DNase I. RNA (1 mg) was reverse-transcribed using an oligo(dT) 17 primer to give a cDNA mixture for the PCR template. RT-PCR to determine the level of Gl-HMGR transcription was performed using primers Hmgr-1 and Hmgr-2 ( Table 1) . Transcripts of G. lucidum glyceraldehyde-3-phosphate dehydrogenase gene (Gl-GPD) were amplified as an internal control using primers gpd-1 and gpd-2.
28) RT-PCR amplification conditions were 30 cycles at 94 C for 30 s, 55 C for 30 s, and 72 C for 30 s, followed by a final extension at 72 C for 10 min. PCR products were size fractionated in 2% (w/v) agarose gels and stained with ethidium bromide.
Result and Discussion
Molecular cloning of full-length DNA and cDNA of Gl-HMGR Agarose gel analysis of the products amplified by primers H1-1 and H2-1 detected a band of approximately 500 bp. A BLAST search revealed that the PCR product (511 bp) was homologous to a number of known HMGR genes, providing strong evidence that the cloned sequence encoded part of the G. lucidum HMGR gene. The 3 0 and 5 0 ends of Gl-HMGR were amplified by SEFA-PCR using the 511-bp generated fragment, and the core fragment was assembled with the 3 0 and 5 0 ends. PCR amplification using primers H11-1 and HC-2, and primers HC-1 and H11-2, generated a 1,934-bp fragment and a 2,877-bp fragment, respectively. The two fragments had a 892-bp overlapping region, and were assembled to obtain the full-length cDNA.
The full-length Gl-HMGR genomic sequence was 4,262 bp and contained seven exons and six introns. The full-length Gl-HMGR cDNA was 3,681 bp, excluding 5 0 and 3 0 untranslated regions of 624 bp and 415 bp respectively, a PolyA tail (10 bp).
Bioinformatic analysis of Gl-HMGR Gl-HMGR had a calculated molecular weight of 131.17 kDa and a pI value of 8.51 (http://cn.expasy.org/ cgi-bin/protparam). Signal P3.0 (http://www.cbs.dtu.dk/ services/SignalP/) showed that Gl-HMGR had a signal peptide with the most likely cleavage site between A 30 (A) and A 31 (Y). Two-dimensional structural prediction of Gl-HMGR was performed with the SOPMA server (http://bip.weizmann.ac.il/bio tools/faq.html). The Gl-HMGR protein was composed of 42.33% alpha helix, 16.56% extended strand, 6.93% beta turn, and 34.18% random coil. Penetrating through most parts of the Gl-HMGR protein, alpha helix and random coil were the most abundant structural elements.
The deduced Gl-HMGR amino acid sequence showed homology with other fungal HMGRs, including those from Coprinus cinereus (51% identity, 66% positive), C. neoformans (44% identity, 57% positive), and U. maydis (48% identity, 61% positive). The highest similarities were recorded with Basidiomycota fungi, which is consistent with traditional evolutionary affinities.
Multiple alignment analysis of 13 fungal HMG-CoA and NADPH binding motifs demonstrated that the Gl-HMGR functional elements had amino acid sequences very similar to the functional motifs of other fungus HMGRs, similarity levels were much higher towards the C-terminal and less high towards the N-terminal; The N-terminal sequences are more diverse in terms of both length and amino acid composition.
12)
Functional complementation of Gl-HMGR in yeast Gl-HMGR consisted of three domains: (i) a Nterminal hydrophobic domain; (ii) a central linker domain; and (iii) a C-terminal catalytic domain. Eight transmembrane regions of Gl-HMGR were identified in the N-terminal hydrophobic domain by Tmpred (http:// www.ch.embnet.org/software/TMPRED form.html) analysis (Fig. 1) .
Previous studies indicate that the N-terminal membrane-bound domain of HMGR is not necessary for catalytic activity. 15, 29) In order to determine whether the hydrophobic N-terminal domain of Gl-HMGR is necessary for enzyme catalytic activity, we used HMGR cDNA excluding the N-terminal hydrophobic region to complement the HMGR-deficient S. cerevisiae, strain JRY1130. A 1,782-bp cDNA gene fragment (excluding the N-terminal hydrophobic region) was inserted, within the correct reading frame based on the structural prediction of Gl-HMGR, into expression vector pYF1845. This cDNA fragment coded for amino acids 634-1,226. The transformed JRY1130 (pYF1845+Gl-HMGR) grew on the selective medium (YPD, without MVA), whereas JRY1130 and JRY1130 (pYF1845) did not, due to an inability to synthesize the MVA required for growth of the mutant yeast strain (Fig. 2) . JRY1130 (pYF1845+Gl-HMGR), JRY1130 (pYF1845), and JRY1130 all grew on the non-selective medium (YPD, with MVA) (Fig. 2) . These data indicate that Gl-HMGR mediated mevalonate biosynthesis in S. cerevisiae, strain JRY1130, and that Gl-HMGR was a functional fungal gene encoding HMGR in G. lucidum. Furthermore, our results indicate that the hydrophobic region is not essential to Gl-HMGR functioning, which is consistent with the data of Croxen et al., 15) Ruiz-Albert et al., 29) and Ferrer et al., 30) and also confirms the accuracy of the structural prediction of the Gl-HMGR protein.
Expression of HMGR at different stages of G. lucidum development
Semi-quantitative RT-PCR analysis of HMGR transcription in fungal mycelium aged between 10 and 20 d, and in mushroom primordia, is shown in Fig. 3 . Gene expression was relatively low in 10-, 12-, and 14-d old mycelia, but increased between 16 and 20 d, and reached highest levels in primordia. This result is consistent with the findings of Hirotani et al., 31) who observed that the triterpene content of G. lucidum mycelia was much lower than that of fruiting bodies. Thus the expression levels of HMGR appear to exhibit a positive correlation with the triterpene content of G. lucidum, although further research is needed to identify the true role of HMGR in triterpene biosynthesis. 
